The exciton-photon interaction in CuCl microcavities with HfO 2 /SiO 2 distributed Bragg reflectors has been investigated from the viewpoint of the active-layer-thickness dependence of the interaction energy, the so-called vacuum Rabi splitting energy. The active layer thickness was changed from O/32 to O/5, where O corresponds to an effective resonant wavelength of the lowest-lying Z 3 exciton. We performed angle-resolved reflectance measurements, and clearly detected three cavity-polariton modes originating from the lower, middle, and upper polariton branches in a strong coupling regime of the Z 3 and Z 1,2 excitons, and cavity photon. The incidence-angle dependence of the cavity-polariton energies was analyzed with a phenomenological Hamiltonian for the strong coupling. The vacuum Rabi splitting energies are systematically controlled from 22 (37) to 68 (122) meV for the Z 3 (Z 1,2 ) exciton with an increase in the active layer thickness. The active-layer-thickness dependence of the Rabi splitting energy is quantitatively explained using a simple model for quantum-well microcavities.
Introduction
Semiconductor microcavities have attracted much attention from an aspect of controlling optical responses of exciton polaritons in a strong exciton-photon coupling regime resulting in the formation of cavity polaritons [1] . The Bose-Einstein condensation of cavity polaritons [2] [3] [4] [5] and polariton lasing [6] [7] [8] have been major issues in the researches of microcavities. From the viewpoint of entangled photon generation utilizing biexciton-resonant hyperparametric scattering (BRHPS) in microcavities [9, 10] , which is desired in quantum info-communication technology, the control of the exciton-photon interaction energy, the so-called vacuum Rabi splitting energy, is essential to realize a high efficiency generation condition. CuCl is quite advantageous for the BRHPS because the biexciton binding energy is very large: 34 meV [11] . Thus, the systematic control of the Rabi splitting energies in CuCl microcavities is significant in future applications of entangled photon generation.
One of principles for controlling the Rabi splitting energy is to change the active layer thickness in microcavities, leading to varying the overlap between the exciton and photon-field wave functions. In the present work, we have controlled the Rabi splitting energies in CuCl microcavities with HfO 2 /SiO 2 distributed Bragg reflectors (DBRs) by changing the active layer thickness from O/32 to O/5, where O corresponds to an effective resonant wavelength of the lowest-lying Z 3 exciton. CuCl has two exciton states called Z 3 and Z 1,2 . The Z 3 (Z 1,2 ) exciton is assigned to the splitoff-hole exciton (degenerate heavy-hole and light-hole excitons). From angle-resolved reflectance measurements, we clearly detect three cavity-polariton modes originating from the lower, middle, and upper polariton branches (LPB, MPB, and UPB, respectively), in a strong coupling regime of the Z 3 and Z 1,2 excitons, and cavity photon. The Rabi splitting energies are estimated by analyzing the cavity-polariton dispersions with a phenomenological Hamiltonian for the strong coupling. The active-layer-thickness dependence of the Rabi splitting energies is quantitatively discussed with a simple theory for quantum-well microcavities.
Samples and experimental procedures
We prepared CuCl microcavities with HfO 2 /SiO 2 DBRs on a (0001) Al 2 O 3 substrate. The cavity was sandwiched by the DBRs. The bottom and top DBRs consisted of 9.5 and 8.5 periods, respectively, and each DBR was terminated by the HfO 2 layer. The HfO 2 and SiO 2 layers were fabricated at room temperature by rf magnetron sputtering. The cavity consisted of a CuCl active layer and SiO 2 spacer layers. The CuCl active layer, which was grown at 60ºC by vacuum deposition, was set at the central position of the cavity. The cavity length was fixed at O/2, while the active layer thickness was changed from O/32 to O/5. The effective length, O, is given by O Z(3) /n b , where O Z(3) is the resonant wavelength of the Z 3 exciton in vacuum, and n b is the background refractive index. The values of n b for CuCl, HfO 2 , and SiO 2 are 2.36 [11] , 2.05 [12] , and 1.50 [12] , respectively. The growth rates of the CuCl, HfO 2 , and SiO 2 layers were precisely monitored during the deposition process using a crystal oscillator. We confirmed from X-ray diffraction patters that the crystalline CuCl layer is just oriented along the [111] axis. The quality factor of the microcavity was estimated to be ~250 from an empty cavity. Although CuCl is a hygroscopic material, we already demonstrated that the CuCl microcavity with the HfO 2 /SiO 2 DBRs is robust [13] .
In measurements of angle-resolved reflectance spectra, the probe light source was a Xe lamp, and the reflected light was detected with a charge coupled device attached to a 32-cm single monochromator with a resolution of 0.15 nm. We did not perform the polarization analysis of reflected light. All the reflectance spectra were measured at 10 K. Figure 1 shows the angle-resolved reflectance spectra in the CuCl microcavity with the active layer thickness of O/5 (designed thickness=33 nm). We clearly observe three dip structures in each reflectance spectrum. As described above, in the CuCl microcavity, there are three cavity-polariton branches because of the strong coupling between the Z 3 and Z 1,2 excitons, and cavity photon; therefore, the three dip structures are assigned to the LPB, MPB, and UPB, respectively, in order of energy. The dashed curves are a guide for the eye. The incidence-angle dependence of the LPB, MPB, and UPB modes exhibits the profiles of the cavity-polariton dispersions.
Results and discussion
In order to analyze the experimental results of the incidence-angle dependence of the LPB, MPB, and UPB energies, the eigenenergies of the cavity polaritons are calculated using a phenomenological Hamiltonian given by the following matrix [14] :
where E Z(3) and E Z (1, 2) are the energies of the Z 3 and Z 1,2 excitons, respectively, and : 3 (: 1, 2 ) is the Rabi splitting energy related to the Z 3 (Z 1,2 ) exciton. The energy of the cavity photon, E cav (T), is given by [15] 2 / 1 2 ff
where E 0 , T, and n eff are the energy of the cavity photon at T=0º, incidence angle, and effective refractive index of the cavity, respectively. Figure 2 shows the experimental results of the incidence-angle dependence of the LPB, MPB, and UPB energies (solid circles) and the cavity-polariton dispersions fitted to the data using Eq. depicts the dispersion of the cavity photon. The energies of the Z 3 and Z 1,2 excitons were obtained from the absorption spectrum of a CuCl film. The fitting parameters are : 3 , : 1,2 , E 0 , and n eff , where the fitted values of E 0 and n eff are 3.030 eV and 1.65, respectively. According to Ref. [16] , we have to take account of the penetration of the light confined in the cavity into the DBR to calculate E cav (θ). Therefore, the value of n eff is smaller than that of n b of CuCl. It is obvious that the experimental results are well explained by Eq.(1). The Rabi splitting energies of : 3 and : 1,2 are evaluated as 68 and 122 meV, respectively, where the error in the evaluation is ±5%. Since the Z 1,2 exciton is the degenerate heavy-hole and light-hole excitons, its oscillator strength is larger than that of the Z 3 exciton. The value of : 1,2 , therefore, is larger than that of : 3 . The quantitative analysis of the Rabi splitting energies is discussed below. Figure 3(a) show the angle-resolved reflectance spectra in the CuCl microcavity with the active layer thickness of O/32 (designed thickness=5 nm). The experimental results of the incidence-angle dependence of the LPB, MPB, and UPB energies (solid circles) and the cavity-polariton dispersions fitted to the data using Eq. (1) (solid curves) are depicted in Fig. 3(b) . The Rabi splitting energies of : 3 and : 1,2 are evaluated as 22 and 37 meV, respectively. It is evident that the Rabi splitting energies markedly depend on the active layer thickness.
The active-layer-thickness dependence of the Rabi splitting energies (: 3 and : 1,2 ) estimated from the angleresolved reflectance spectra using Eq. (1) is shown in Fig. 4 , where the solid and open circles indicate : 3 and : 1,2 , respectively. The Rabi splitting energies systematically increase with an increase in the active layer thickness. Since the active layer thicknesses are sufficiently smaller than O/2, we adopt a simple model for quantum-well microcavities to analyze the active-layer-thickness dependence of the Rabi splitting energies. According to Ref. [17] , the Rabi splitting energy is given by the following equation:
where E EX , ' LT , d, and L C are the exciton energy, the splitting energy between the longitudinal and transverse excitons, the active layer thickness, and the cavity length, respectively. L DBR represents a mirror penetration depth in the DBR [16] . For simplicity, we assume that the incidence angle is zero and that the O/4 condition is exactly satisfied in the DBR with a large number of periods, which leads to the following expression of L DBR : [16] 3.5
where O EX is the resonant wavelength of the exciton, and n 1 (n 2 ) corresponds to the refractive index of HfO 2 (SiO 2 ): L DBR =352 nm in this case. On the basis of Eq. (3), we calculate the Rabi splitting energies of : 3 and : 1,2 using the values of ' LT : 5.7 meV for the Z 3 exciton [11] and 18 meV for the Z 1,2 exciton [18] . The solid (dashed) curve in Fig.  4 indicates the calculated active-layer-thickness dependence of : 3 (: 1,2 ). Despite the fact that there is no fitting parameter, the calculated active-layer-thickness dependence of the Rabi splitting energies well explains the experimental results. Thus, we have succeeded in the control of the Rabi splitting energies.
Summary
We have clearly detected the three cavity-polariton branches (LPB, MPB, and UPB), which originate from the strong coupling between the Z 3 and Z 1,2 excitons, and cavity photon, from angle-resolved reflectance spectra in CuCl microcavities with various active layer thicknesses from O/32 to O/5. The vacuum Rabi splitting energies (: 3 and : 1,2 ) were estimated from analyzing the incidence-angle dependence of the energies of the LPB, MPB, and UPB modes with the phenomenological Hamiltonian for the strong coupling. It has been demonstrated that the Rabi splitting energies are systematically controlled by changing the active layer thickness. The active-layer-thickness dependence of : 3 and : 1,2 is explained by the simple model for quantum-well microcavities. The systematic control of the Rabi splitting energies is promising for future applications of CuCl microcavities in high efficiency generation of entangled photons. 
